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ABSTRACT
Recent experimental studies have revealed an unusual temperature dependence of the radiative recombination rate in polar InGaN/GaN
quantum wells. We show, by direct atomistic evaluation of the radiative recombination rate, that the experimentally observed trend of an
increasing rate with increasing temperature results from the population of energetically higher lying electron and hole states with dipole
matrix elements larger than those of the band edge states relevant to low temperature studies. Given that the overall evolution of this
recombination rate is tightly linked to the energetic distribution of localized states, we investigate the hole density of states and absorption
spectra. Based on the calculated absorption spectra, Stokes shift energies are extracted for InGaN quantum wells with In contents ranging
from 5% to 25%. Here, good agreement with experimental literature results is found. We provide also hole tail state characteristic energies as
a function of the In content, a quantity that indicates the localization character of the ensemble of hole states and which serves often as a key
component in modified continuum-based models to capture carrier localization effects in transport or optical gain calculations.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0006128
Polar InGaN/GaN quantum wells (QWs) have found widespread
use as the active region of short wavelength range light-emitting diodes
(LEDs).1 To further improve the efficiency of these devices, a detailed
understanding of the fundamental properties of InGaN-based QWs is
crucial. One of these properties is the radiative recombination rate and
its dependence on carrier density and temperature. The radiative recom-
bination rate is often discussed in terms of the radiative recombination
coefficient B of the so-called ABC-model. Recent experimental studies
reveal a rather unusual behavior of B with temperature T, namely that it
increases weakly with increasing T.2 This behavior is very different from
situations found in more conventional QW systems, such as GaAs-
based structures, where B generally decreases with increasing T.3
However, it is important to note that recent theoretical studies show
that the electronic and optical properties of InGaN QWs are often
very different from those of more conventional III–V systems.4–6 It
has been demonstrated, both in experiment and theory, that, espe-
cially at low temperatures, the electronic and optical properties of
these wells are dominated by carrier localization effects.7,8 Given
that efficient radiative recombination in nitride-based LEDs is an
important quantity in designing and optimizing such devices, it is
crucial to understand its underlying physics in detail.
Thus, the evolution of B with temperature T has been targeted in
several theoretical works, though their predicted trends vary notice-
ably.6,9 Studies by Jones et al.,6 applying a modified continuum-based
model to account for carrier localization effects, found a reduction of
B with increasing T. Recent atomistic theoretical investigations9 report
that the experimentally observed temperature dependence of B can be
predicted correctly only when In atom clustering in the QW is intro-
duced. However, the structural characterization of c-plane InGaN
QWs shows very little evidence for this; rather, it points to a random
distribution of In atoms (random alloy) in the well.10,11 In Ref. 2, an
empirical broadening of the hole density of states (h-DOS) is intro-
duced to obtain an increase in B with T.
The above discussion highlights that even though alloy fluctua-
tions are accounted for in theoretical models, their impact on the
DOS, thus the energetic distribution of states, seems to be strongly
dependent on the assumptions made. As a consequence, predicted
trends may differ from experimental observations or assumptions
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have to be made which are not necessarily consistent with the struc-
tural characteristics of InGaN QWs.
In this work, we show that the experimentally observed trend of
increasing B with increasing temperature T is captured by our atomis-
tic model without the assumption of In atom clustering and without
treating the h-DOS as a free fitting parameter. Having calculated the
h-DOS for InGaN QWs with In contents ranging from 5% to 25%, we
extract the Stokes shift for the studied structures by evaluating absorp-
tion spectra and our previously obtained photoluminescence (PL)
peak energies. The obtained Stokes shifts are compared to experimen-
tal data, showing good agreement. Moreover, we provide tail state
energies, Etail, which are often used to modify the DOS in transport or
optical gain calculations of InGaN-based systems to account for carrier
localization effects in continuum-based simulations.12,13
Our theoretical results are consistent with the anomalous T
dependence of the B coefficient, but together with previous results,14
they offer an explanation for this phenomenon in terms of carrier
localization. These results show that it is important not only to account
for those strongly localized states near the “band” edge but also to
describe accurately the DOS away from the “band” edge and the whole
ensemble of decreasingly localized states.
Our theoretical framework is based on a nearest neighbor sp3
tight-binding (TB) model, which accounts for strain and built-in field
effects via a valence field model and a local polarization theory; the
framework is introduced in detail in Refs. 5 and 15. Overall, this model
allows us to calculate the electronic structure of InGaN/GaN QWs
with In contents varying from 5% to 25% on an atomistic level. The
QW structures studied are based on the experimental systems dis-
cussed in Ref. 16, with further information given in Ref. 14. Due to the
atomistic nature of our theoretical framework, it is necessary to specify
the In atom distribution in the InGaN QW region. Consistent with
experimental studies, a random distribution of In atoms in the QW is
assumed.10,11 Using this assumption, we find good agreement with
experimentally obtained low temperature PL peak energies and full
width at half maximum (FWHM) data over a wide range of In
contents.14
Before turning to the radiative recombination rate and its
unusual temperature dependence, we study the impact of carrier local-
ization effects, due to random alloy fluctuations, on the h-DOS. This
quantity is important to understand given that energetically higher
lying states are populated with increasing temperature. In continuum-
based models, to describe the electronic and optical properties of
InGaN QWs, modifications to the h-DOS are often made ad hoc,
treating the broadening of the DOS as a free fitting parameter.2,12 In
Ref. 2, an exponentially decaying h-DOS, similar to an Urbach tail,17
has been assumed with a tail state energy, Etail, as the free fitting
parameter. To provide this information with our atomistic model, we
calculate the h-DOS first and then extract Etail. Thus, our data can be
used in future (modified) continuum-based calculations of transport
or optical gain calculations as an input.
To evaluate the h-DOS, 100 hole states have been calculated for
125 different microscopic configurations per In content (5%, 10%,
15%, and 25%), and the data have been collated and placed into energy
bins of a fixed size of 30meV; this number has been chosen to avoid
having empty bins. The h-DOS is obtained by taking the derivative of
the number of states per bin with respect to energy. Figure 1 shows, as
an example, the calculated h-DOS for an InGaN/GaN QW with 25%
In. The TB data are denoted by the solid black circles and indicate a
departure from the ideally “step-function”-like DOS of a homoge-
neous QW; the presence of tail states is observed for energies larger
than approximately 750meV. In all calculations, the zero of energy is
the valence band edge of unstrained GaN. Random alloy fluctuations
and resulting fluctuations in strain and (macroscopic and local) built-
in potentials lead to the situation that the valence band edge varies
with position across the QW structure; the h-DOS then includes a
contribution from all these factors. For our analysis, primarily, the evo-
lution of the h-DOS (shape of the curve) with energy is important. An
Urbach like exponential decay of the h-DOS, which is assumed in
many studies,12 is confirmed through the plot of the natural logarithm
of the data, as shown in the inset of Fig. 1. The TB data are again given
by solid black circles, and the green solid line is a fit to the region in
which the natural logarithm of the TB data changes linearly with
energy (above 750meV). From the slope of the solid green line, we
extract the tail state energy Etail. Using this information, the solid green
line in the main part of Fig. 1 yields a very good description of the
h-DOS calculated from our atomistic model. The same analysis has
been carried out for all considered In contents and provides an equally
good description (not shown).
Figure 2 displays the extracted tail state energies, Etail, as a func-
tion of the In content, x, and reveals an increase in Etail with increasing
x. For the 25% In case, Etail reaches a value of over 30meV. However,
even for the low 5% In content well, a tail state energy of around
10meV is found. We also note that the rate of increase in Etail in the
5%–15% In content range is larger than that in the 15%–25% In con-
tent range despite the In content difference being equal (Dx ¼ 0.1). In
order to estimate tail state energies for other In contents, we use
EftailðxÞ ¼ ax  bx2 to fit the TB data (solid black line), which gives a
good description of the data.
While this analysis provides insight into the broadening of the
h-DOS, it cannot be directly measured or validated against experimen-
tal data. However, the presence of tail states in the DOS leads to a
broadening of the absorption spectrum, which is widely observed in
FIG. 1. Hole density of states (h-DOS) for an In0.25Ga0.75N/GaN well. Black circles:
tight-binding data. Green solid line: fit to the data based on an Urbach-type model
(see the main text for details). Inset: natural logarithm of the data from the main
figure, indicating the region used for the fitting of the Urbach-type model. The zero
of energy is the unstrained GaN valence band edge.
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experiment.18–20 Thus, building on our calculations of the DOS, we






2Hðh  Ee;i  Eh;jÞ,21 where Ee,i (Eh,j) is the electron
(hole) eigenenergy of state i (j), de;hij ¼ e0hwei jerjwhj i are the dipole
matrix elements; here, e0 is the elementary charge, r is the position




ð1; 1; 1Þ is the light polarization vector. The
dipole matrix elements have been directly calculated employing the
TB wave functions.22 The absorption spectrum a0ðhÞ is evaluated for
each of the 125 different microscopic configurations per In content
(5%, 10%, 15%, and 25%) using 100 electron and 100 hole TB states.
Figure 3 displays the final spectra, which are obtained by averag-
ing over the 125 configurations per In content x. These spectra reflect
the experimentally well-known broadening, which is often described





Þ. Here, Eu is
the characteristic, or Urbach, tail energy and Ea is the absorption edge
energy. Using the above expression to fit the TB data displayed in Fig. 3
enables the extraction of Eu and Ea as functions of the In content x.
The obtained Eu and Ea values are summarized in Table I. Eu values
on the order of 90–100meV are found, which do not show much
variation as In content, x, increases. The extracted absorption edge
energies Ea decrease with increasing x, given that InN has a lower
bandgap than GaN. Equipped with this information and having pre-
viously calculated (low T) PL peak energies EPL,
14 which are sum-
marized in Table I, we can calculate the Stokes shift, Es, as a
function of In content, x, via EsðxÞ ¼ EaðxÞ  EPLðxÞ;21 these results
are presented in Table I. In the experimental study of Ref. 20, a
Stokes shift energy of Es ¼ 830meV is reported for a well with a PL
peak energy of EPL ¼ 1.96 eV. The In0.25Ga0.75N QW studied
here has a PL peak energy of EPL ¼ 1.99 eV and a Stokes shift
of Es¼ 850meV, and thus, it is in good agreement with the
experiment.20 The experimentally observed linear increase in Es
with decreasing EPL is reflected in our data (cf. inset of Fig. 3).
Having discussed the h-DOS, absorption spectra, and Stokes
shifts of InGaN/GaN QWs for a wide In content range and thus the
emission wavelength range, we now return to the discussion of the
temperature dependence of the radiative recombination rate. To do so,











where the constant C ¼ 43 e
2
0c3h
4, with c being the vacuum speed of light,
0 being the free space permittivity, and h being the reduced Planck’s
constant. Fermi functions for electrons and holes are denoted by f ei
and f hj . The dipole matrix elements d
e;h
ij are again directly calculated
from the TB wave functions; Eei and E
h
j are TB eigenenergies of
electron state i and hole state j. The wavelength/emission energy
dependent refractive index nðkijÞ is evaluated using a Sellmeier type
description.24 Once Rsp has been determined, we find the rate of spon-
taneous emission per in-plane area of the well, r ¼ Rsp=AQW . In order
to compare our results with reported experimental data, we calculate
the sheet radiative recombination coefficient B2D ¼ r=np, where n and
p are the carrier densities for electrons (n) and holes (p), assuming that
the material is electrically neutral (n¼ p). We note that for high carrier
densities in the well, the electrostatic built-in field due to strain and
piezoelectric polarization will be screened. This effect affects the wave
function overlap and consequently the magnitude of B2D. However,
here we aim to understand and study the temperature dependence of
the radiative recombination rate at a fixed and relatively low carrier
density of n ¼ p ¼ 1:2 1012 cm2, which is motivated by the
experiments in Ref. 2 (see also Ref. 9). Thus, field screening effects are
expected to be of secondary importance for the present study.
FIG. 2. Tail state energies Etail as a function of the In content x in InxGa1xN/GaN
quantum wells. The black diamonds are the tight-binding data, and the black solid
line gives a fit, E ftail ¼ ax  bx2, with the coefficients a and b given in the figure.
FIG. 3. Calculated absorption spectra for InGaN/GaN quantum wells with 5% (violet
line), 10% (blue line), 15% (green line), and 25% (red line) In content. Inset: Stokes
shift energies, Es, as a function of the PL peak energies, EPL.
TABLE I. Absorption edge energy (Ea), low temperature photoluminescence peak
energy (EPL), Urbach tail energy (Eu), and Stokes shift (Es) for InGaN/GaN QWs
with varying In contents extracted from a sigmoidal model. EPL values have been
taken from Ref. 14.
In content Ea (eV) Eu (meV) EPL (eV) Es (meV)
5% 3.72 95.5 3.23 490
10% 3.54 103.6 2.96 580
15% 3.31 98.3 2.62 690
25% 2.84 94.2 1.99 850
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Figure 4 displays our calculated B2DðTÞ for QW systems with
10%, 15%, and 25% In, along with the experimental data from
Ref. 2. Several factors are important to note when looking at the
experimental data in comparison to our theoretical results. First, it
should be noted that in the experimental study of Ref. 2, B2D values
are extracted by fitting A, B, and C coefficients simultaneously.
Thus, different combinations of A and C values may affect the
extracted B2D values. On the theoretical side, we have not targeted
the specific QW structures analyzed in Ref. 2 in terms of In content
or well width. Therefore, a one-to-one comparison is not possible
and not targeted. However, in general, the comparison between
our theoretical results and the experimental data from Ref. 2
provides a good initial reference frame to investigate trends in the
evolution of B2D with increasing temperature T.
Overall, we find the expected trend that for a given temperature,
B2D decreases with increasing In content, x. This stems from two fac-
tors. First, considering the structures grown and studied in Refs. 14
and 16, the well width increases slightly with increasing x. Second, a
higher In content leads to a stronger piezoelectric field. The combina-
tion of these two factors leads to a stronger quantum confined Stark
effect and thus a stronger spatial separation of electron and hole wave
functions, which reduces the spontaneous emission rate and thus B2D.
Furthermore, Fig. 4 shows that for all three In contents, B2D
(slightly) increases with increasing T. The extremely good agreement
between theory and experiment should be regarded as a coincidence,
following our discussion on, for instance, the structural properties
above. Nevertheless, given that independent of the In content consid-
ered in the calculations, the same trend is reflected, our theoretical
model captures the main effects observed in the experiment. This
result is achieved without assuming In atom clustering in the QW and
so is in contrast to Ref. 9, where In atom clustering is essential to
model an increasing B2D with increasing T; in the random alloy case,
the data in Ref. 9 show a decrease in B with increasing T. Our pre-
sented results are fully consistent with the experimental observation of
a random In atom distribution in InGaN/GaN QWs while still pre-
dicting the experimentally observed trend of increasing B2D with T.
The cause of the above discussed trend in B2D with T can be
traced back to the changes in the magnitude of the dipole matrix ele-
ments between electron and hole states when populating energy levels
further away from the “band” edges. Figure 5 displays jde;hij j
2 as a func-
tion of electron and hole state energies relative to the conduction and
valence “band” edges; the In content in the well is 10%. The results
from the 125 different configurations are collated and grouped into
energy bins of width 40meV and averaged over the number of ele-
ments in each bin. The bottom left corner of Fig. 5 corresponds to
dipole matrix elements between states near the “band” edges, which
are strongly localized states and which contribute mainly at low tem-
peratures and carrier densities. Energetically higher lying states, exhib-
iting larger dipole matrix elements, are populated as T increases, thus
resulting in the observed increase in B2D with T in Fig. 4.
The above analysis shows that the unusual temperature depen-
dence of B2D stems from carrier localization and thus indicates that an
accurate description of these effects is key. The description of alloy fluc-
tuations and connected carrier localization effects may noticeably vary
between different models, even within the same theoretical framework.
In TB models, one factor is, for instance, how local built-in potential
fluctuations are treated. TB models that include or exclude local field
fluctuations may predict different carrier localization characteristics;
these differences will be further compounded by differences in TB
parameters.14 Similar but also different aspects come into play in modi-
fied continuum-based models. Here, for example, the local In content
is obtained by an averaging procedure.6 This leads to a coarser spatial
resolution in comparison to an atomistic model and may lead to differ-
ent spatial localization characteristics and deviations in energies of the
electron and hole states when compared to an atomistic model.
We also note that further studies are required to elucidate the
temperature dependence of the radiative and also nonradiative recom-
bination properties of InGaN/GaN QWs. For instance, the observed
slight increase in B2D with temperature may be dependent on the car-
rier density. With increasing carrier density, the localized states may
then be occupied so that B2D could become temperature independent.
Furthermore, given that, in the experiment, B2D is extracted by fitting
A and C coefficients simultaneously, further investigations on, for
FIG. 4. Radiative recombination rate B2D in InxGa1xN/GaN wells as a function of
temperature and alloy composition at a carrier density n ¼ p ¼ 1:2 1012 cm2:
10% In (purple filled circles), 15% In (blue filled triangles), 25% In (orange filled
squares), and experiment from Ref. 2 (black open squares).
FIG. 5. Energy resolved dipole matrix elements jde;hij j
2 for the In0.1Ga0.9N/GaN
well. Energies are given with respect to the band edges. More details are given in
the main text.
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instance, how C changes with temperature and carrier density are
important.
In summary, we have studied the temperature dependence of the
radiative recombination rate in terms of the B2D coefficient. Both the
temperature dependence and the magnitude of the B2D coefficients
calculated are in good agreement with literature experimental values.
Our study reveals that the unusual temperature dependence of B2D
stems from the presence of an ensemble of localized states in InGaN
QWs. Energetically higher lying, less localized, states, with larger
dipole matrix elements, are populated by increasing the temperature;
as a consequence, B2D increases. We note that this finding is obtained
without assuming In atom clustering in the QWs or by using the hole
density of states as a fitting parameter. Given that the temperature
dependence of the B2D coefficient is tightly linked to modifications to
the (hole) density of states, we have calculated Urbach tail energies for
this quantity for InGaN QWs emitting over a wide wavelength range.
Additionally, we have evaluated Stokes shifts in these systems.
Comparison with experimental data shows good agreement, thus add-
ing further trust that our model describes the modification of the den-
sity of states in InGaN QWs. Our results are thus consistent with
experimental findings on both the optical (temperature dependence of
B, Stokes shifts) and structural (random alloy configuration) properties
of InGaN QWs and provide information, e.g., Urbach tail energies for
hole density of states, which can be used in future modified
continuum-based calculations.
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